A Zee-type neutrino mass matrix model with a badly broken horizontal symmetry SU(3) H is investigated. By putting a simple ansatz on the symmetry breaking effects of SU(3) H for transition matrix elements, it is demonstrated that the model can give a nearly bimaximal neutrino mixing with the ratio ∆m 2 solar /∆m 2 atm ≃ √ 2m e /m µ = 6.7 × 10 −3 , which are in excellent agreement with the observed data. In the near future, the lepton-number violating decay Z → µ ± τ ∓ will be observed.
Introduction
The recent Super-Kamiokande collaboration [1] has reported, by comparing the day/night spectrum and results of flux global analysis, that the small mixing angle MSW and justso solutions for active neutrinos are disfavored at 95% C.L. and a mixing with sterile neutrinos is also disfavored at 95% C.L. On the other hands, we have already known that the atmospheric neutrino data suggests a ν µ ↔ ν τ mixing with a large mixing angle sin 2 2θ ≃ 1 [2] . If we take these experimental results seriously, we are forced to accept only a model which gives a nearly bimaximal mixing among the active neutrinos (ν e , ν µ , ν τ ). We must seek for the origin of the nearly bimaximal mixing. As promising one of such the models, the Zee model [3] is known. In this model, a charged scalar field h + is introduced in addition to the Higgs doublets Φ 1 and Φ 2 ; 
where 
Based on the recent solar and atmospheric neutrino data, Smirnov and Tanimoto [4] [5] , and they have pointed out that the case can lead to the nearly bimaximal mixing.
In the present paper, we put a simple ansatz on the coupling constants f ij and y i under a badly broken flavor symmetry, and thereby we will obtain the nearly bimaximal mixing together with a prediction ∆m
Assumption on the symmetry breaking of SU(3) H
We consider a badly broken horizontal symmetry [6] SU (3) H . We introduce parameters s i (i = 1, 2, 3) as a measure of the symmetry breaking of SU (3) H . In the present paper, we do not touch the origin of the symmetry breaking. Our basic assumption on the magnitudes of the symmetry breaking effects is as follows: The magnitude of the matrix element e i (p)|y ij (e i e j )|e j (p) , which is a component of 3 × 3 * = 1 + 8 of SU(3) H , is proportional to δ ij s 2 i in the limit of |p| → ∞, i.e.,
while the magnitude of the matrix element
Here, note that our requirements are applied in the limit of |p| → ∞, because the state e iL ( also even ν iL ) is not eigenstate of the helicity h in finite momentum frame unless the particle is massless. These matrix elements, the left-hand sides of Eqs. (2.1) and (2.2), are evaluated as follows:
3)
respectively, where the spinor u i (p) is normalized as u i (p)u i (p) = 1. Since in the limit of |p| → ∞, we obtain u ei (p)u ei (p) = 1 and 5) so that the assumptions (2.1) and (2.2) require
and
respectively, where "const" includes |p|.
Note that even if we apply our ansatz to the terms i y i (ν iL e iR )Φ + + h.c. instead of the terms i y i (e iL e iR )Φ 0 + h.c. which leads to the requirement (2.1), we can obtain the same result with the result (2.6) because of
and lim
Recalling y i = m ei / Φ 0 2 , from the results (2.6) and (2.7), we obtain the symmetry breaking effect on the coupling constants f ij
i.e.,
3 Mass spectrum and bimaximal mixing By using the results (2.11), we obtain the following mass matrix elements M ij :
Since m τ ≫m µ ≫m e , we obtain
where
The matrix form (3.2), except for the sign of M 13 , is identical with the neutrino mass matrix which has recently been proposed by one of the authors (A.G.) [7] on the basis of discrete Z 3 ×Z 4 symmetries, and it is know that the matrix form (3.2) can lead to the nearly bimaximal mixing. The mixing matrix U and mass eigenvalues m νi are as follows:
5)
Since a≫b in the present model, we obtain 
together with the (nearly) bimaximal mixing
We regard ∆m , we can obtain the value of m ν2 (and m ν1 ) as follows
so that we also obtain
13)
It will be hard to detect such small masses of m νi directly. Furthermore, since m ν ≡ | i m i U 2 ei | = 0 due to M 11 = 0 in the present model, it is also impossible to detect the effective mass m ν in the neutrinoless double beta decay.
From ∆m
14)
we obtain the numerical result
Constraints from the electroweak data
The sensitive upper bound on |f ij | is , at present, given from the µ→eν e ν µ decay as derived by Smirnov and Tanimoto [4] |f eµ | 2 < 2.
where M is defined by
where we have supposed f eµ ∼ 1, i.e., f ∼ 10 −1 . (We must calculate all related diagrams in order to remove the logarithmic divergence. More details of the Z → e i e j decays will be given elsewhere.) The present experimental upper limit [9] is B(Z → τ µ)/B(Z → ee) < 1.2 × 10 −5 /3.367 × 10 −2 = 3.6 × 10 −4 . We think that the value R ∼ 10 −6 is within the reach of our near future experiment.
Another interesting observable quantity is the mixing matrix element U e3 . The direct numerical calculation from the expression (3.1) [not the approximate expression (3.2)] gives the value of the mixing matrix element U e3
However, the value (4.7) is too small to detect even in the near future, since the present experimental upper bound [11] is U e3 < (0.22 − 0.14).
Conclusion and discussion
In conclusion, we have investigated a neutrino mass matrix based on the Zee model with a badly broken horizontal symmetry. A simple ansatz for the symmetry breaking effects leads to f eµ ≃ (m τ /m µ )f , f eτ ≃ (m µ /m τ )f and f µτ ≃ (m e /m τ )f for the Zee bosonlepton coupling constants f ij . The Zee mass matrix with such coupling constants f ij gives the nearly bimaximal mixing (3.10) and the ratio of the squared mass differences ∆m
Since the coupling constant c 12 of the Φ T 1 iτ 2 Φ 2 h − term in the Lagrangian (1.1) has a dimension of mass, we think that the Lagrangian (1.1) is not a fundamental one, but an effective one. In the present model, the horizontal symmetry SU(3) H is badly broken. We do not consider that the broken symmetry in the effective Lagrangian is brought by a spontaneous symmetry breaking. We consider that there is no horizontal symmetry in the fundamental Lagrangian from the beginning. Nevertheless, we have used the prescription of the "broken symmetry" only for the convenience of the phenomenological treatments. Usually, the assumptions for the symmetry breaking are put on the coupling constants directly, while in the present paper, the requirements are put on the transition matrix elements including the coupling constants. The present prescription is somewhat unfamiliar and strange if quarks and leptons are fundamental entities. The present assumption may be understood by a composite model picture of quarks and leptons in future.
The present phenomenological success seems to suggest that the Zee model should be taken seriously. Then, our future tasks will be as follows: What is the meaning of the present prescription for the symmetry breaking? How can the Zee model we embedded into a unification scenario?
